Solvent additives have been explored as a reliable way to control the morphology in bulkheterojunction (BHJ) layers for improved device performance. We show that the choice of solvent additives has direct implications on morphological evolution, i.e. poly(3-hexylthiophene) (P3HT): [6,6]-phenyl C61-butyric acid methyl ester (PCBM) BHJ films processed with a small amount of 1,8-diiodooctane or 1-chloronaphthalene have more crystalline PCBM domains compared to crystalline P3HT domains, while the opposite is true for films cast with nitrobenzene additive and films cast purely from chlorobenzene. The BHJ film cross-links when annealed at 300°C in the presence of 1,8-diiodooctane. Cross-linking is found to occur even in pristine P3HT and PCBM films annealed under similar conditions. NMR spectroscopy is presented as a viable technique for quantitative analysis of the amount of solvents left in the BHJ films before and after heat treatment. Despite differences in the ways the additives affect the morphology of the BHJ layer, device performance remained stable over 300 h for all additives tested.
Introduction
Organic photovoltaic (OPV) devices have the potential to be unparalleled in terms of processing cost, scalability, speed, and simplicity. The simplest of such devices consists of a single bulk-heterojunction (BHJ) active layer, in which the electron donor (typically a conjugated polymer) and electron acceptor (typically a fullerene) are deposited from a common solvent. The electron donor and electron acceptor phase-separate during solvent evaporation, yielding a nanoscale interpenetrated network with donor-acceptor heterojunctions throughout the photoactive layer [1, 2] . BHJ films are typically deposited via spin-coating, which results in a morphology that is quenched into a non-equilibrated state. Recent study of poly (3-hexylthiophene) (P3HT): [6, 6] -phenyl C61-butyric acid methyl ester (PCBM) BHJ layer formation using time-resolved spectral reflectometry (TRSR) together with grazing incidence small and wide angle X-ray scattering (GIWAXS/GISAXS) revealed that the BHJ solution thins rapidly following a non-linear behavior during spin-coating and P3HT crystallization and phase separation occur rapidly and simultaneously [3] . At P3HT to PCBM ratio of 1:1, P3HT crystallization is initiated closer to the end of the drying process, forming a glassy solid solution [3] . Hence, a controlled thermal annealing step has been widely used post BHJ layer deposition to ''improve'' the morphology of the BHJ layer, allowing the donor and acceptor to reorganized into a lower energy conformation [4] [5] [6] [7] . However, extensive phase-separation can lead to the formation of pure domains that are larger than the exciton diffusion length [8] , preventing excitons from diffusing to a donor-acceptor interface for charge separation [9] . This indicates that there is an optimal phase-separated morphology for maximum power conversion efficiency [6] . Of equal concern is the thermal stability of the BHJ morphology.
The best morphology for superior device performance will in all likelihood not be at its most thermodynamically stable state, leading to a coarsening of domains over time especially at elevated temperatures. Typical rooftop temperatures can range from À20°C on a cold night, to a high of 80°C, which is hot enough to induce some morphological changes in the BHJ layer. It is therefore of tantamount importance that the BHJ morphology be robust against morphology changes at operating temperatures. The realization of the importance of lifetime studies on OPV devices has led to efforts in standardizing reports on stability and lifetime data to allow for better comparison across laboratories [10] .
BHJ morphology control has been intensely researched [11, 12] . The desire for morphology control has led to the exploration of new materials (for example, cross-linkable materials [13] and block-copolymers [14] [15] [16] ), and the rise of various processing techniques (thermal and solvent annealing [4, 17, 18] , solvent additives [19] [20] [21] [22] [23] , and changing parameters such as solvent, polymer:fullerene ratio, and solution concentration [24] [25] [26] ). The importance of solvent in the BHJ morphology has been long established [11, 5, 27] . In an effort to achieve the optimal morphology for superior device performance, researchers have explored various ways to influence the property of the solvents used in BHJ layer processing, including the use of solvent additives [19] [20] [21] [22] [23] 28] . Efforts were also invested in the understanding of morphological evolution and recently, several studies alluded to the partial miscibility of fullerene derivatives in polymer matrices [29] [30] [31] [32] [33] . The studies suggest that amorphous polymer chains are miscible with amorphous fullerene in the mixed domains, leading to the conclusion that at least three phases are present in the P3HT:PCBM BHJ layers, i.e. pure P3HT phase, PCBMrich phase, and mixed P3HT-PCBM phase [32] .
The use of co-solvents for BHJ solar cells was first introduced by Zhang et al. [19] . Following this work, various solvent additives, e.g. alkanethiols [20, 28] , 1-chloronaphthalene (CN) [23] , 1,8-diiodooctane (DIO) [22] , and nitrobenzene (NB) [21] , have been explored. These additives affect P3HT and PCBM phase-separation mechanism differently in BHJ films [34] . While there has been rationalization on the mechanism by which the processing additives control morphology [35, 22, 21] , much ambiguity still surrounds the exact mode of interaction between these additives and the polymer-fullerene component in the BHJ layer. Since some of the additives used are reactive, we question whether there are any peripheral effects beyond the phase-separation mechanism, and if there are any consequences on the longevity of the OPV devices.
We have previously reported that trace solvents, especially ''good'' solvents for P3HT, can be retained within the BHJ film, causing significant changes in morphology development when the film is subjected to heat treatment [36] . This is corroborated by research that showed that solvent removal from polymeric thin films is not trivial [37, 38] . This article explores how the initial morphology of the P3HT:PCBM BHJ layer can be controlled through the use of solvent additives, how these impurities affect the thermal stability of the BHJ morphology, and device performance over time. We present a feasible way to quantify the amount of trace solvents left in the P3HT:PCBM BHJ film using nuclear magnetic resonance (NMR) spectroscopy. While we do not claim to have a complete understanding of the complex solvent-polymer-fullerene interactions, our work detailed in this paper elucidates some interesting insights into the morphology of BHJ layer processed with solvent additives. It has been established that some solvents affect the fullerene phase more than the polymer phase [22, 39] . We show proof that the crystalline content within each phase can differ depending on the additives used. We also uncover a thermally activated reaction that causes cross-linking in pristine P3HT and PCBM films and also in the blended BHJ films, in the presence of DIO. Despite differences in the morphology of the BHJ layer processed using different solvent additives, it is interesting that device performance remained stable over at least 300 h for all additives tested.
Results and discussion

Solvent additives
Three solvent additives, i.e. NB, DIO, and CN, were investigated in this paper based on the premise that they interact differently with the P3HT and PCBM components within the BHJ layer. All three additives have boiling points higher than the host solvent, chlorobenzene (CB). NB is a polar ''non-solvent'' for P3HT and also a ''poor'' solvent for PCBM. The addition of NB to the casting solvent increases aggregation and order within the P3HT domains [21] . DIO is selectively a better solvent for PCBM [22] , allowing PCBM to remain in solution longer to avoid excessive PCBM aggregation in the BHJ layer [39] . CN is a ''good'' solvent for both P3HT and PCBM. The slower evaporation rate during spin-coating allows a longer time for P3HT chains to self-organize into highly ordered molecular structure for higher hole mobility [23] . Our group has previously shown that the P3HT:PCBM BHJ active layer has high affinity towards solvent molecules and that solvents can remain trapped within the layer, increasing the diffusive mobility of PCBM within the P3HT matrix and promoting the growth of larger PCBM agglomerates [36] .
The choice of solvent additive has been shown to affect domain sizes and hence surface roughness of the BHJ film [22, 40] . Fig. 1 shows root mean square (RMS) roughness of films processed from chlorobenzene (CB) alone and with 4 vol.% of NB, DIO, and CN, as-cast and after heat treatment at various temperatures. These RMS values were obtained from atomic force microscopy (AFM) topography images collected over a scan size of 5 lm by 5 lm. It is observed that CB-cast films remained relatively smooth (RMS roughness below 1.1 nm) regardless of heat treatment temperature. As-cast, P3HT:PCBM films from CB are largely amorphous [7] and a skin of P3HT has been shown to form at the air interface during spin-coating [41, 42] , resulting in a relatively smooth film. While annealing enhances ordering of the P3HT phase, the amorphous P3HT-rich skin has been shown to persist after heat treatment [42] , which is likely why the films remained flat. Films that result from solutions with 4 vol.% additives exhibited higher surface roughness as-cast. This is because these films were already substantially phase-separated after spin-coating and a higher volume of the film are crystalline compared to CBcast films. The films become smoother when annealed, likely due to surface energy effects causing vertical segregation of components within the BHJ layer. It has been shown that there is an enrichment of PCBM under the P3HT skin after heat treatment [43, 42] and that the presence of solvent additives affects the vertical segregation profile, i.e. the concentration of PCBM at the interface is lower in NB/CB BHJ films compared to CB films [42] .
NB/CB films seem to remain rougher over a larger range of annealing temperatures compared to DIO/CB films likely because of the formation of an aggregated P3HT network within the film [21] and the lower concentration of PCBM in the PCBM-enriched region near the air interface after heat treatment [42] . This is consistent with our previous results showing the formation of ordered P3HT domains in NB/CB films at higher temperatures compared to CB-cast films [36] . RMS surface roughness for the DIO/CB film decreases immediately when subjected to heat, while the decrease in RMS roughness for CN/CB film is more gradual. The surface roughness decreases drastically for NB/CB and CN/CB films when heat-treated beyond 150°C. The change in RMS surface roughness with applied heat indicates that thermal input necessarily causes morphological changes. Notably, despite differences between the RMS surface roughness of solvent-additive-processed layers with CB-cast samples, devices from as-cast NB/CB, DIO/ CB, and CN/CB devices have been shown to have similar if not superior performance to annealed CB-cast samples [21] [22] [23] . Table 1 shows the calculated amount of solvent additives left in as-cast and heat-treated BHJ films based on the NMR spectra shown in Fig. 2 . The signals for PCBM are used as a reference to calculate the mass % of solvent in the P3HT:PCBM (1:1) BHJ film. All three additives were significantly removed from the BHJ film after heat treatment at 150°C for 5 min in a N 2 glovebox. The results reveal that the amount of DIO present in as-cast DIO/CB sample is significantly more than the amount of PCBM in the film, i.e. 70 mass % relative to total film mass. The substantial presence of DIO in as-cast BHJ films probably increases the diffusion of PCBM into the enrichment zone near the sample-air interface during heat treatment, hence the drastic decrease in RMS roughness for the DIO/CB sample when heat is applied. In contrast to DIO, NB and CN are only present in very small amounts in as-cast films. While we have previously used GCMS to detect the presence of trace solvents in BHJ films qualitatively [36] , we can now quantify the amount of solvents left in the film using NMR.
In order to investigate the effect of solvent additives on the BHJ layer, thermal analysis was performed on films cast from CB and various solvent additives using differential scanning calorimetry (DSC). Fig. 3 shows DSC thermograms recorded during heating of P3HT:PCBM (1:1) films processed with CB and with 4% solvent additives. Samples were cast onto glass substrates, delaminated, and subse- Table 1 Amount of additives in BHJ films as-cast and after heat treatment at 150°C for 5 min, calculated mass % relative to total film mass from data shown in quently loaded into aluminum crucibles with pierced lids. Heating curves for a pristine P3HT film cast from CB and powder PCBM are shown for reference. Powder PCBM was used due to difficulty in obtaining the required sample weight for a CB-cast film. The heating curves were recorded after an isothermal step at 150°C for 30 min to emulate the typical heat treatment step during device fabrication [5] . The phase transition observed at approximately 50°C in the films have been attributed to the melting of the P3HT side-chain [44] . The feature at 12°C for the 4% DIO/CB film is due to the melting of DIO. We have previously shown that trace solvent can be trapped in the films [36] , and since the samples were ''annealed'' at 150°C in a sealed crucible with a tiny perforation on the lid in the DSC chamber, it is plausible that some solvent remained within the sample. It is also likely that most of the trapped DIO evaporates during the heating routine. Pristine CB-cast P3HT film has a melting temperature (T m ) of ca. 224°C. A welldefined melting endotherm is indicative of the presence of crystalline domains of either P3HT or PCBM phases. Previous studies have shown the likelihood of at least 3 phases in the BHJ film [30, 32] . A pure P3HT phase is likely present in the BHJ film since fullerenes cannot intercalate into the crystalline domains of P3HT [45, 46] . The mixed phase consists of amorphous P3HT with amorphous PCBM, while the fullerene-rich phase consists of PCBM and amorphous P3HT [32] . T m,P3HT in CB and 4% NB/CB BHJ films is approximately 14°C lower, at ca. 210°C. The depression of T m,P3HT in the presence of PCBM has been previously reported [47] , implying some degree of miscibility between P3HT and PCBM [48, 30] . Interestingly, the heating curves for CB and 4% NB/CB films look similar, contrary to what we previously reported [36] . This is likely due to sample preparation and history, e.g. small variation in the amounts of trace solvent trapped within the film prior to the DSC scans. We have since improved and standardized the sample preparation procedure, especially when dealing with solvents of various boiling points. The endotherm at ca. 255°C for the CB BHJ sample corresponds to the melting of PCBM (ca. 259°C for the NB/CB film). T m,P3HT is considerably lowered in 4% DIO/CB and 4% CN/CB samples, ca. 186°C and ca. 200°C respectively, i.e. T m,P3HT occurs at higher temperatures for CB and NB/CB films compared to DIO/CB and CN/CB films. Further depression of T m,P3HT in DIO/CB and CN/CB films indicate differences in the FloryHuggins interaction parameter and the miscibility of amorphous P3HT:PCBM mixtures. The enthalpy of fusion, MH f (area under curve of the melting peaks), for P3HT and PCBM appear almost similar for CB and NB/CB samples, and for DIO/CB and CN/CB films, which suggests that there is a fundamental difference between CB and NB/CB films, and DIO/CB and CN/CB films. The MH f and T m extracted from Fig. 3 are summarized in Table 2 .
Since T m,P3HT for CB and NB/CB samples are closer to the T m for pristine P3HT, we can surmise that the P3HT crystals in these films approaches the behavior of P3HT crystals in a pristine P3HT film. The higher T m,P3HT and steeper P3HT melting endotherms for CB and NB/CB samples suggest that the amount of ordered P3HT domains are larger in Fig. 3 . DSC heating traces of P3HT:PCBM (1:1) with isothermal step at 150°C for 30 min. Thermograms are shifted vertically for clarity.
Table 2
Melting peak and enthalpy of melting (approximate from area under melting peak) for P3HT and PCBM from Fig. 3 . these samples compared to the DIO/CB and CN/CB samples. The broad and shallow melting peaks for PCBM in CB and NB/CB films suggest a larger size distribution of PCBM crystals and smaller degree of crystallization in the PCBM phase. This is reasonable if P3HT ordering is the main driver of phase separation in heated CB and NB films, forcing PCBM into various crystal sizes. Our observation coincides with the conclusion presented by Gomez et al. They found that in samples prepared with CB, polymer crystallization drives the structure formation process in a typical 1:1 P3HT to PCBM blend [30] . During annealing, P3HT precipitates as a crystalline pure phase, forcing PCBM into the amorphous mixed phase. The concentration of PCBM increases in the mixed phase with increasing polymer crystallization, leading to macroscopic phase separation and the observation of micrometer-sized fullerene clusters [30] . In the case of the DIO/CB and CN/CB samples however, there is likely increased competition between P3HT and PCBM crystallization during heat treatment. Since DIO is a selectively better solvent for PCBM while CN is also a decent solvent for PCBM, PCBM remains in solution longer, allowing motion in the PCBM phase and providing sufficient time for PCBM to diffuse and aggregate together, resulting in a higher amount of crystalline PCBM within the film and hence a larger MH f,PCBM . This agrees with previous observation of larger PCBM crystals on the micrometer-scale in DIO/CB and CN/CB films compared to CB and NB/CB films [36] . As CB evaporates faster compared to DIO and CN, the solvent quality declines for P3HT, suppressing motion in the P3HT phase and forcing P3HT chains to aggregate into domains of various sizes (likely with defects), consequently yielding a broader and shallower melting endotherm (smaller MH f,P3HT ). It is highly probable that film formation is driven by phase-separation and PCBM crystallization for DIO/CB and CN/CB films rather than P3HT crystallization as observed in CB and NB/CB films. Recent work by Durrant et al. [49] suggests that the tendency for PCBM to form crystalline domains is the reason behind its success as an electron acceptor material in OPV devices, although the authors note that PCBM crystallization is less of a factor when employed with P3HT, due to the latter's strong tendency to crystallize. This may explain the widespread success of DIO as an additive for various OPV devices employing PC 61 BM [40] and PC 70 BM [22, 50, 39] , since blended films processed with DIO result in a higher amount of crystalline PCBM.
Heat-induced reaction
DSC heating traces for P3HT:PCBM BHJ film at a 1:4 ratio (PCBM-rich) with and without 4% solvent additives are shown in Fig. 4 . This mixing ratio was selected to emphasize interactions between (amorphous) P3HT and PCBM while suppressing P3HT crystallization. In this experiment, the films were not isothermally treated, although sample preparation protocols were standardized as much as possible to minimize discrepancy in the thermal history of the samples. First heating and second heating curves were collected. The second heating curves were collected after the samples were quenched from 300°C to À100°C in the DSC. Cold crystallization exotherms for PCBM [47, 51] are evident in both the first and second heating curves for CB, NB/CB, and CN/CB samples, while it is only seen in the first heating curve for the DIO/CB sample. In the first heating traces, cold crystallization peaks were observed at ca. 161°C for the CB sample, ca. 135°C for the NB/CB sample, ca. 134°C for the DIO/CB sample, and ca. 130°C for the CN/ CB samples. In the second heating traces, cold crystallization peaks were observed between 167°C and 168°C for the CB, NB/CB, and CN/CB samples, while this feature was not detected in the DIO/CB sample. A small melting endotherm, attributed to the P3HT backbone, is seen at around 204°C in the first heating curves for CB and NB/CB samples, and a broader melting endotherm is observed for CN/CB sample at ca. 214°C. In the second heating traces, T m,P3HT backbone is between 207°C and 209°C for these 3 samples. Evidently, the DIO/CB sample shows a completely different signature. While the melting endotherm for PCBM occurs at ca. 281°C for both CB and NB/CB samples and ca. 278°C for CN/CB samples, there is a significant depression in T m,PCBM in the DIO/CB sample (ca. 249°C), and the melting endotherm of the P3HT backbone is not detected. In the second heating curve, the DSC thermogram for DIO/CB is almost featureless. This implies that after the first heating routine, crystallization of the P3HT and PCBM component is impeded during the quenching step and the subsequent second heating routine. Hence, we can conclude that heating the DIO/CB films up to 300°C induces a change in the DIO/CB sample that prevents crystallization of P3HT and PCBM, at least in the 1:4 ratio shown. Fig. 5 shows a comparison between P3HT:PCBM (1:4) films that were cast from CB (left) and 4% DIO/CB (right) using reflected optical microscope (ROM). The untreated (as-cast) films were quite featureless at the micrometer scale, while PCBM crystals [51] were observed in films that were heat-treated at 150°C for 10 min. Consistent with previously reported results [36] , PCBM crystals in the DIO/CB film appear larger in size and quantity, as shown in the higher magnification images in the inset of Fig. 5c and d. When the CB and DIO/CB films were subjected to heat treatment at 300°C for 5 min, the size of the crystals increases. PCBM crystals in the DIO/CB sample (Fig. 5f ) are significantly larger in comparison to the CB sample (Fig. 5e) , likely due to increased PCBM diffusion rate in a DIO/CB film. An inspection of solvents left in BHJ films after heat treatment at 150°C using NMR, revealed that most of the solvent additives were removed after 5 min when annealed in a nitrogen glove box equipped with a molecular sieve solvent trap (Fig. 2) . So, the effect of the solvent additives on the rate of PCBM diffusion decreases with increasing heating time. When the films were heat-treated at 300°C under solvent-saturated enviroment, i.e. the CB sample was annealed under CB-saturated environment, and the DIO/CB sample was annealed under DIO-saturated environment, the PCBM crystals in the CB sample increases in size and quantity (Fig. 5g) as expected due to an excess amount of solvent in the film resulting in a higher rate of PCBM diffusion into growing PCBM crystals during heat treatment. This logic would lead us to expect even larger PCBM crystals in DIO/CB films due to the higher boiling point of DIO and its preference for solvating PCBM over P3HT. Instead, the crystallization of PCBM in the DIO/CB sample is significantly suppressed (Fig. 5h) . This observation corroborates the DSC results shown in Fig. 4 . Since the DSC measurements were carried out in a sealed crucible with a tiny pierced hole on the lid, solvent vapors likely remained within the crucible during heating. Both the ROM images and the DSC results indicate a suppression in PCBM crystallization when a DIO/CB sample is heattreated at 300°C in the presence of DIO.
To test if the high-temperature induced changes seen in PCBM-rich samples extends to typical P3HT:PCBM ratios used in devices, P3HT:PCBM blends with 1:1 ratio were prepared from CB and DIO/CB solutions and studied using DSC. Fig. 6 shows DSC thermograms for P3HT:PCBM (1:1) cast from CB and from 4% DIO/CB samples. Both the first heating and second heating curves are shown. Similar to samples shown in Fig. 4 , these films were not subjected to an isothermal step prior to measurements, hence the appearance of the cold-crystallization exotherm in the first heating curve. As previously mentioned, the endotherms observed at around 50°C have been ascribed to the melting of P3HT side-chains [44] . The melting endotherm for P3HT backbone occurs at a lower temperature and appears to become broader and shallower upon the second heating in all cases. This is likely due to a decline in the degree of P3HT crystallinity (volume of crystalline P3HT domains within the film). The deep melting endotherm for PCBM seen in the first heating curve at ca. 258°C is absent in the second heating curve for the DIO/CB sample, while a broad, shallow endotherm (for PCBM) is still present in the second heating curve for the CB sample. This implies that after the first heating routine, the DIO/CB sample is deficient in crystalline PCBM. This result reinforces the observations made in Fig. 4 and Fig. 5 , despite the different P3HT to PCBM ratios. We have now established that the crystallization of PCBM is inhibited when P3HT:PCBM blend, either 1:4 ratio or 1:1 ratio, were heated to 300°C in the presence of trace DIO. Similar signatures were observed when using a different source of P3HT (see Supplementary data Fig. S1 ).
P3HT:PCBM (1:1) BHJ films cast from CB and from all three additives were heat treated to 300°C and examined using UV-vis spectroscopy as shown in Fig. 7a . For clarity, absorption spectra for the as-cast BHJ films are not shown on this figure but are shown in supplementary data, Fig. S2 . The films were each heat-treated at 300°C for 20 min, under saturated solvent environment depending on the casting solvent/solvent additive, i.e. the CB film was heattreated under CB-saturated environment, the NB/CB film was heat-treated under NB-saturated environment, the DIO/CB film was heat-treated under DIO-saturated environment, and the CN/CB film was heat-treated under CNsaturated environment. After heat treatment, the samples were quenched to room temperature. Absorption spectra of the films were collected before and after washing the films with chloroform to detect if cross-linking has occurred. As shown in Fig. 7a , the absorption spectrum for the heat-treated DIO/CB film is vastly different compared to the other films, with increased absorption in the blue. The absorption spectra of all the BHJ films post heat treatment at 300°C suggest that the P3HT component within the blend is mostly amorphous due to the red-shifted absorption peak and the absence of distinct lower energy vibronic peaks. The CB, NB/CB and CN/CB films were removed after chloroform wash as evidence by the absence in absorption, shown in Fig. 7a , and photo snapshots of the washed films in Fig. 7b . Intriguingly, a seemingly complete film remained on the DIO/CB sample. Since DIO has been previously explored as a cross-linking agent [52] , we postulate that the DIO/CB film has undergone crosslinking when subjected to heat treatment at 300°C under DIO-saturated environment. When the DIO/CB films were subjected to 150°C instead of 300°C under similar DIOsaturated environment, it appears that the DIO/CB film was removed after chloroform wash despite prolonged duration of heat treatment (up to 2 h), as demonstrated in Fig. 7c . The increase in absorption below the bandgap after 2 h of heat treatment is likely caused by an increase in surface roughness. We can conclude that cross-linking is likely not an active mechanism during typical device fabrication conditions. However, knowledge of such reaction may become useful for future development of morphology control. There is also the possibility of manipulating reaction conditions so that a lower treatment temperature can be used once the mechanism of reaction becomes more known.
In order to isolate which component within the BHJ film is cross-linking, pristine films of P3HT and PCBM were fabricated and studied using UV-vis spectroscopy. Similar to samples in Fig. 7 , the pristine samples were subjected to heat treatment at 300°C for 20 min under solvent-saturated environment. Fig. 8 shows pristine P3HT film (Fig. 8a) and and pristine PCBM film (Fig. 8b) , cast from CB and from 4% DIO/CB: as-cast, after heat treatment at 300°C for 20 min, and after chloroform wash. It is clear that the chloroform wash removed both of the heat-trea- ted, CB-cast films for pristine P3HT and PCBM. The small absorption observed for CB-cast PCBM after chloforom wash is likely due to insufficient rinsing with chloroform. In the case of heat-treated DIO/CB films however, both pristine P3HT and pristine PCBM films appear intact after chloroform wash, evidenced by the absorption spectra and the photo snaphots for P3HT (Fig. 8c ) and and PCBM (Fig. 8d) films. This leads to the deduction that both P3HT and PCBM undergo cross-linking with themselves and potentially with one another in a blended film when heated above 300°C in the presence of DIO. This explains the absence of PCBM crystal melting endotherm and a decline in the degree of P3HT crystallinity in the DSC results. Cross-linked PCBM will not be able to diffuse to nucleation sites for crystal growth. Since P3HT is a polymer, it is likely that some of the polymer backbone can still p-stack to form crystalline domains despite the occurrence of crosslinking, leading to a reduction in the degree of crystallinity (broad and shallow melting endotherm) rather than a complete elimination of the melting endotherm. We postulate that the P3HT film is ''loosely'' cross-linked due to our observation that when chloroform was dropped onto the cross-linked P3HT film, the initially purple film turns orange. The chloroform that is then recollected from the film remained clear, while the film once again turns purple as the chloroform leaves the film. Analogous UV-vis experiments have been repeated with 2% DIO/CB with similar results (not shown) -an indication that the initial amount of DIO in the film has little effect as long as DIO is present during annealing at 300°C.
Device performance over time
With the goal of investigating the implications of solvent additives on devices over time, we monitored the device performance of P3HT:PCBM (1:1) BHJ devices cast from CB, 4% NB/CB, 4% DIO/CB, and 4% CN/CB over a duration of 330 h, as shown in Fig. 9 . Measurements were averaged over several devices and not from champion devices. In between tests, the devices were stored at 80°C under open circuit conditions (i.e. disconnected from load). Devices were measured as-cast (data points before 0 h) and after an initial one-time heat treatment at 150°C for 5 min (data points at 0 h). There appears to be a 24-h burn-in period, i.e. devices measured at 24 h showed an increase in short-circuit current density (J sc ), which in most cases resulted in a improvement in power conversion efficiency (PCE). CN/CB devices had the lowest PCE due to a lower fill factor (FF), J sc , and open circuit voltage (V oc ), although the PCE remained fairly constant over 330 h with an overall drop of only ca. 0.19%. NB/CB and CB devices were almost comparable in device performance over time, except for the linear drop in FF for CB devices after 200 h. DIO/CB samples seem to perform the best over time, at least up to ca. 225 h. NB/CB, DIO/CB and CN/CB devices showed a slow decline in FF after approximately 150 h. Over the duration of 325 h, DIO/CB had the highest overall drop in PCE, ca. 0.37%, while CB and NB/CB devices dropped 0.31% and 0.29% respectively (after the burn-in period). Using NB and DIO as solvent additives appear to benefit the device over time, resulting in a stable FF, which may translate to a stable morphology. It is interesting that despite very different morphological evolution over temperature for NB/CB and DIO/CB films, as demonstrated by DSC, both afford efficient devices with stable performances spanning 330 h. Of course, in light of the discovery of the side-effects of DIO at higher temperatures, care has to be taken to ensure that we fully understand the role of solvent additives in the BHJ layer and the consequences of trace solvent within the film.
Conclusion
We have shown that the choice of solvent additives has direct implications on morphological evolution, favoring either a higher amount of crystalline P3HT domains or crystalline PCBM domains within the BHJ layer. DSC results show that DIO/CB and CN/CB BHJ (1:1) films post annealing at 150°C, have more crystalline PCBM domains compared to crystalline P3HT domains, while the opposite is true in CB and NB/CB films. This implies that PCBM crystallization is favored over P3HT crystallization in DIO/ CB and CN/CB BHJ films. When DIO is present during heating at 300°C, the BHJ film cross-links, as demonstrated by UV-vis absorption spectra after chloroform wash and the absence/decline of PCBM and P3HT crystalline content in the second heating curve on the DSC. Optical microscopy showed the formation of micrometersized PCBM crystallites in P3HT:PCBM (1:4) BHJ layers that were heat-treated at 300°C in a nitrogen environment. However when DIO/CB films were heat treated at 300°C under saturated DIO environment, a drastic suppression of PCBM crystallites was observed, substantiating the conclusion drawn from the DSC data. We have also shown that the cross-linking occurs even in pristine P3HT and PCBM films under similar conditions. It is likely that cross-linking between phases occurs as well in a blended film. Work is currently in progress to decipher the reaction mechanism behind the cross-linking behavior and the potential exploitation of this reaction for other interesting applications.
While we have previously established the presence of trace solvents in BHJ films using GCMS [36] , NMR spectroscopy is a sensitive technique that can be used to quantify the amount of trace solvents in the BHJ films. The NMR results show significant amounts of DIO in as-cast P3HT:PCBM BHJ films as-cast, while most of the additives were removed after heat treatment at 150°C for 5 min.
Remarkably, despite differences in the ways the additives affect the morphology of the BHJ layer, device performance did not discriminate the differences. Both NB/CB and DIO/CB devices offer high PCEs which remained stable over at least 300 h. This suggests that perhaps the crystalline content of each phase (after a certain threshold percentage) is no longer the major dictator of device performance. Since the function of the photoactive layer includes light absorption, exciton diffusion to the donor/ acceptor interface, exciton dissociation at this interface, and transport of the resulting free charges through the two phases to the respective electrodes, it is possible that different solvent additives may primarily affect a different stage of the current generation process. It is also possible that the differences in crystalline content of the donor and acceptor phases have a lesser impact on P3HT:PCBM BHJ devices [49] compared to devices using other polymer-fullerene combinations.
In general, we expect that the P3HT becomes more insoluble with increasing molecular weights for all three additives tested in this paper while the solubility of PCBM remain unchanged. However, the longer polymer chains will likely take longer to relaxed, resulting in less crystalline P3HT domains under similar processing conditions. These two effects counteract each other. While the decrease in P3HT solubility encourages phase-separation, the decline in P3HT crystallinity leads to more mixed P3HT/PCBM domains.
As we have demonstrated in this paper, a peripheral effect of high temperature annealing in the presence of DIO is cross-linking in individual pristine films and in the blended film. Knowledge of such reaction may be useful not only in the establishment of fabrication protocols for efficient and long-lasting devices but also in the exploration of patterned deposition techniques.
Experimental
All the BHJ layers in this work were prepared on either commercially available indium-tin oxide (ITO) coated glass with layer thickness ca. 140 nm and 15 X sheet resistances, or on glass microscope slides. Substrates were cleaned using chloroform followed by acetone, Mucasol detergent, and de-ionized water in an ultrasonic bath. The substrates were then washed in a spin-rinse-dryer (SRD) system before being exposed to UV-ozone for 30 min. P3HT (Rieke Metals, M w 45 k) and PCBM (Nano-C) were dissolved in chlorobenzene and stirred at 60°C overnight before spin-coating to ensure that the polymer and fullerene have been completely dissolved. BHJ layers were prepared by mixing either 1:4 or 1:1 volume ratio of P3HT to PCBM. 4 vol.% of solvent additives were added where necessary. BHJ layers used for ROM (Nikon Labophot-2), and UV-vis-NIR spectroscopy (Perkin Elmer Lambda 750) were approximately 80 nm thick. Samples for DSC (Mettler Toledo) studies were prepared by first depositing the BHJ solution onto cleaned microscope slides and then delaminating the BHJ layers of interest from the glass substrate and weighing it into an aluminum crucible. Sample weight is between 6 and 8 mg. Aluminum crucibles were sealed with a pierced lid. Heating curves were collected from À100°C to 300°C, at a rate of 10°C min
À1
, with and without an isothermal step at 150°C for 30 min prior to heating scans. BHJ layer thickness was controlled by changing both concentration of the casting solution and spinning speed. Sample thickness was determined using a Dektak surface profiler that was calibrated to a Si-SiO 2 ellipsometry standard.
For NMR studies, thin films (ca. 80 nm) with 2 vol.% additives were cast on glass. The films were either immediately redissolved in 100 ll D-chloroform (Cambridge Isotopes) or were annealed for 5 min at 150°C in a nitrogen glovebox and quenched to room temperature before being dissolved in D-chloroform. The dissolved films were subsequently injected into NMR tubes in a nitrogen glovebox. 1H spectra were acquired on a Bruker Avance 600 spectrometer using the zg30 pulse program, signal averaged for 1024 scans.
For device fabrication, the ITO was spin-coated with 40 nm of PEDOT:PSS (Baytron P Al 4083, HC Starck). The PEDOT:PSS coated samples were then heat treated at 110°C for 3 min and subsequently moved into a nitrogen glove box for the remainder of the device fabrication and measurement. The active layer of the solar cells were spin-coated from a 1:1 mixture of P3HT and PCBM. After spin-coating of the active layer, the samples were moved to a high vacuum chamber (ca. 10 À6 mbar), where an electrode of 150 nm Al were vapor-deposited through a mask resulting in six solar cells with an active area of 0.1690 cm 2 . After metal deposition, the samples were measured before and after annealing for 5 min at 150°C in an N 2 glove box. Samples were then aged at 80°C under open circuit conditions (i.e. disconnected from load) in a nitrogen glove box, and measured periodically over 330 h. I-V curves of the samples were measured using a Keithley 2420 source measurement unit in an N 2 glove box. AM 1.5 illumination at 120 mW cm À2 (1.2 SUN) was provided by a solar simulator (Radiant Source Technology). All reported values are not corrected for spectral mismatch.
